Abstract: Instent restenosis (ISR) has been a key factor that restricts the further use of intraoronary stents. And the mechanical interaction between the stent and the artery has been indicated as one of the significant causes for the activation of stent-related restenosis. However, there is very little quantitative information about the interaction of stent with artery. In order to improve the general understanding of coronary stenting, finite element method (FEM) has been used to model the revascularization of a stenosed artery through the insertion of a balloon-expandable stent. Given a stent design, the deformed shape of the stent and possible areas of the artery injury were presented. The fact that the distal end of stent penetrated into the artery wall may help to explain the phenomena that much restenosis occurs at the ends of stents. The recoil ratios of the stent model, the plaque-artery model and the stent-plaque-artery model were 2%, 26.7% and11.3%, respectively. They were well consistent with the experimental data. In conclusion, this work would be helpful for the general understanding of intraoronary stent implantation and stent design optimization.
Introduction
Intraoronary stent implantation (ICSI) has been widely used in interventional procedures for more than 10 years. It can achieve better clinical effects, such as larger lumen diameter, better long-term opening, etc, than traditional percutaneous transluminal coronary angioplasty (PTCA). But instent restenosis (ISR) ratio is still more than 20% [1] , which restricts the further use of stents. Some experimental studies clearly indicate the stent-imposed injury and the stent recoil as the main causes of ISR [2] . As varying stent designs may change the extent of injury and recoil, more and more attentions have been paid to stent designing [3] . However, there still remains much to be understood with regard to the roles of coronary stents on ISR. And there is very little quantitative information about the interaction of the stent with the artery. Considering the influence of the stent on the artery response and the suboptimal outcomes associated with stenting, knowledge gained from stent/artery mechanics studies should play an increasingly important role in improving the long-term patency of coronary stents [4] .
Finite Element Method (FEM) has been applied to the design of coronary stents since the late of 1990s [2] . It can provide the some valuable mechanical characteristics of stents, arteries, and their interactions, which cannot be easily obtained from traditional methods.
The purpose of this study was directed toward a better understanding of coronary stenting biomechanics. We used FEM to analyze the revascularization process of a stenosed artery through the insertion of a balloon-expandable stent.
Materials and Methods
In order to investigate the revascularization process, a three-dimensional model of the stenting system of stent, plaque and artery in their unexpanded configurations was developed (Fig.1) . Due to symmetry considerations, only half of a 120 0 segment of the whole model was considered in the analyses.
The stent with a length of 6mm, an outer diameter of 1.5mm and a thickness of 0.1mm was discretized by 20-node solid element (Solid186) into 1880 elements and 13521 nodes. It was assumed to be made of 316L stainless steel. The inelastic constitutive response of the stent material was described through a von Mises multilinear plasticity model with isotropic hardening. The general mechanical properties of 316L stainless steel were: Young's modulus E= 201GPa; Poisson's ratio υ =0.3; Yield stress σ Y =330 MPa; Limit stress σ R =750 MPa. The above parameters were got by tensile tests on 316L stainless steel wires, which have the same composition as the stent, with universal materials test machine (M-100, Japan).
The artery with a length of 7mm, a lumen of 2.5mm and a thickness of 0.5mm was meshed by 8-node hyper-elastic element (Hyper58) into 1600 elements and 2583 nodes. The plaque was modeled with a length of 5mm and a thickness of 0.5mm and it was meshed by 20-node solid element (Solid186) into 1600 elements and 9285 nodes.
The material models for the artery and the plaque are usually modeled as hyper-elastic. However the hyper-elastic model cannot characterize the non-elastic deformation process of the plaque. And if the artery and the plaque are all assumed to be hyper-elastic, the recoil ratio of the stenosed artery will be 100% in PTCA. So the hyper-elastic material model was only chosen for the artery in this work. Considering the fact that the plaque consists of the elastic part of the plaque itself and the non-elastic part of the interlining between the plaque and the artery, a new constitutive model combining the isotropic hardening model with the visoplastic model was established for the plaque. It is noted that this is clearly a limiting and somehow unrealistic assumption due to the lack of experimental data. More realistic and appropriate assumptions can be introduced only in the presence of a detailed set of experimental data. Fig.2 shows the adopted stress-strain curves of the plaque and the artery. The horizontal part, with a constant stress of 0.65MPa, in the stress-strain curve of the plaque was applied for the simulation of the non-recoverable deformation of the interlining, which was proved to be reasonable by the latter simulation.
A large-deformation analysis was performed using the commercial finite-element code ANSYS (ANSYS, Inc, Canonsburg PA, USA). A uniform internal radial pressure was exerted on the inner surface of the stent to deploy the model to a predetermined diameter (3.0mm). Following data presented in literatures, the pressure varied linearly from zero to the designated pressure (inflation) and then again linearly back to zero (deflation) [5] . Symmetrical boundary conditions were applied to the symmetry planes of the model to ensure the free radial expansion of the model. An automatic surface-to-surface algorithm approach was selected to cope with the nonlinear contact problem between the contacting surfaces of the model. As contact conditions, standard contacting, finite sliding and no-friction were set to restrict the interactions between the contact pairs.
Results and Discussions
The lumen of the stenosed artery was deployed from 1.5mm to 3.0mm after applying of 15atm upon the inner surface of the stent. Von Mises stress in the deployed model is shown in Fig. 3 . It can be seen that the distal end of stent penetrates into the artery wall after deployment. This indicates that the length of the stent shouldn't be much longer than that of the plaque. Also, it would explain the fact that much restenosis occurs at the end of stents. The stent will shrink during deployment, so the length of the stent should be carefully selected in clinic. When the pressure exerted on the inner surface of the stent changed back to zero, the lumen of the artery recoiled from 3.0 to 2.66.Then the recoil ratio of the model should be: It is noted that the recoil ratio of the stent-plaque-artery model (representing ICSI) is much more than that of the stent model (11.3% to 2%). Then, the stent would undergo plastic deformation under the recoil of the stenosed artery. This would help understand the fact that even when routinely implanted using high pressures, stents frequently remain suboptimally expanded. Due to the existence of the stent, the recoil ratio of the stent-plaque-artery model is much less than that of the plaque-artery model (12.3% to 26.7%). This is consistent with the fact that ICSI can achieve better clinical results than PTCA.
Javier et al [6] have reported the clinical recoil ratios of ICSI with different types of stents by means of quantitative coronary angiography (QCA). They found that the recoil ratio of ICSI was 12 ±16%. Chen et al [7] also used QCA to examine the recoil ratios of PTCA and ICSI, which were 30.43±14.89% and 6.59±6.38%, respectively. The result of this work is well consistent with the experiments by Javier and Chen [6, 7] . This also confirms that the assumption for the material model of the plaque in this work is reasonable.
Closure
As reported before, the mechanical interaction between the stent and the artery is considered as one of the most important causes for the activation of ISR. The present work was directed toward a better understanding of ICSI. To achieve this goal, a three-dimensional model of the stenting system, i.e., stent, plaque and artery, was constructed. The commercial finite-element code ANSYS was used to perform a large deformation analysis of the model. A new constitutive model for the plaque was introduced, which made the results of the simulation closer to the real situation.
It can be concluded from the simulation that the distal end of stent may injure the artery wall after deployment, and the recoil ratios of the three models were very different. The results of this work were well consistent with the experimental data. So FEM is proved to be an especially useful numerical simulation method for quantifying some biomechanical characteristics of ICSI. And it would be helpful for the general understanding of ICSI.
It should be demonstrated that more work should be done to determine the exact material model and material parameters for the atherosclerotic plaque. Furthermore, some researchers have used computational fluid dynamics (CFD) to explore the effect of stent implantation on blood flow. This method should also be coupled in the optimization of future stents.
